Here we report the kinetics of the surface-initiated atom transfer radical polymerization (ATRP) of styrene from the surface of functionalized montmorillonite clay as a function of graft density. Compared with analogous ATRP reactions with free initiator, we observe a seven-fold increase in the polymerization rate at the highest graft density, 1 chain/nm2, whereas bulk kinetics are recovered as the graft density is reduced. We hypothesize that this phenomenon is a consequence of local concentration heterogeneities that shift the ATRP equilibrium in favor of the active state and present a simple phenomenological kinetic model that accounts for our data. These findings present an important consideration relevant to the design of precisely defined molecular architectures from surfaces via surface-initiated ATRP.
Introduction
Atom transfer radical polymerization (ATRP) has proven to be a versatile method for synthesizing polymers of narrow polydispersity at targeted molecular weights. 1 ATRP provides an industrially scalable process by means of an inexpensive copper-mediated halide exchange using commercially available ligands to facilitate catalyst solubility. 2, 3 In more recent years, researchers have realized the potential for utilizing ATRP to modify the surface chemistry of many materials. Colloidal silica, 4 montmorillonite clay (MMT), 5 gold films, [6] [7] [8] and silicon wafers [9] [10] [11] have been the most frequently studied substrates for surface-initiated (SI)-ATRP, where the first is a spherical particle and the last three are high-aspect-ratio materials.
The study of polymer brushes advances many fields of science and technology through the production of stimuli-responsive interfaces, 12, 13 the improvement of colloidal stability, 14 and the synthesis of nanocomposites. [15] [16] [17] Polymer brushes are used to alter physical properties such as surface wetting and roughness as well as to add chemical functionality. Stimuli-responsive materials have been shown to respond to temperature, pH, and solvent quality among other environmental factors. In principle, the physical and chemical properties of the brush layer may be precisely tuned through the monomer chemistry, polymer architecture, and molecular weight distribution, which in turn may be controlled only with a thorough understanding of the polymerization chemistry.
In the context of ATRP, the apparent polymerization rate, R p , is governed by the equilibrium between dormant and active chains through reactions with the catalyst system. In SI-ATRP, the spatial proximity of the chain ends is significantly closer than in an analogous bulk polymerization, where the catalyst system is homogeneously distributed throughout the reaction media. These confinement effects can have a marked influence on R p ; to date, studies relating the kinetics of SI-ATRP to those in bulk media have thus far yielded conflicting and sometimes orthogonal conclusions. 4, 7, 8, 10, 18 Substrate geometry and graft density should play key roles in the reaction kinetics of SI-ATRP. Densely grafted spherical particles, for instance, initially feature an average chain-endto-chain-end distance that is drastically smaller than in an "analogous" bulk system containing the same number of chain ends per volume. One may reasonably speculate that surfaceconfinement effects should be significant in this scenario. However, as the brush thickness increases, propagating radicals should spatially diverge from one another and recover bulk kinetic rates because the distance between chain ends scales with the particle radius. Consistent with this notion, Fukada et al. studied the kinetics of an SI-ATRP from functionalized monodisperse silica particles ranging from 100 to 1500 nm in diameter with the inclusion of an unbound "sacrificial" initiator and found both species' kinetic rates to be equivalent. 4 Whereas SI-ATRP from spherical particles evidently assumes bulk kinetics, SI polymerization from planar substrates should be expected to exhibit confinement effects irrespective of the brush thickness. Literature studies of polymer brushes have focused largely on gold and silicon substrates that may be viewed as infinite planes; additionally, MMT clays approximate this geometry owing to their high aspect ratio.
Unfortunately, the number of investigations that explicitly account for surface confinement effects is limited. Early reports in the field indicate that R p decreases with time attributed to termination reactions that were not suppressed because of an inadequate supply of deactivating copper(II) (Cu II X 2 ) species. 6, 19 This may be understood by considering that only microscopic quantities of Cu II X 2 are generated through the activation of dormant sites on the surface, which are then diluted into the macroscopic quantity of monomer/solvent in which the substrate is immersed. These termination effects may be circumvented through the introduction of excess Cu II X 2 or unbound initiator at the onset of polymerization. 20 There is some evidence of the living character of SI-ATRP reactions depending on the monomer; for example, a number of reports indicate linear monomer conversion versus time in poly(methyl methacrylate) (PMMA), 8, 11 whereas R p plateaus in polymerizations of poly(N-isopropylacrylamide), 7 polyacrylamide, 9 or poly(glycidyl methacrylate) (PGMA). 8 The role of graft density, F g , on R p is unclear. Huck et al. investigated a series of PMMA brushes on gold substrates and found no dependence, although direct comparisons with bulk polymerization rates were not available. 8 Genzer et al. studied graft density effects using a gradient approach in poly(acrylamide) (PAA) and found that in the brush regime the thickness scaled as F g 1 / 3 , suggesting that all chains along the gradient were the same size. 10 However, Fukuda et al. reported that the brush height in a PMMA system from silica wafers at moderate graft density obeyed the F g 1 / 3 law, but at high graft density (F g > 0.7 chains/ nm 2 ) it approached F g 1 / 2 ; again, direct molecular weight measurements of the brush layer were not conducted and so here the possibility of an R p dependence on F g cannot be discounted. 18 In this article, we report a strong dependence of R p on F g in SI-ATRP of polystyrene (PS) from MMT. At high graft density, ∼1 chain/nm 2 , we have observed an apparent polymerization rate that is nearly an order of magnitude larger than that of the analogous bulk system, which rapidly decays to the bulk kinetics as F g is reduced. We hypothesize that this phenomenon is a consequence of local concentration heterogeneities that shift the equilibrium in favor of the active state and present a simple phenomenological model that accounts for our data.
Experimental Details
Functionalization of Montmorillonite. MMT was generously supplied by Southern Clay Products (92 (mequiv)/(100 g)). On the basis of the ion exchange capacity and measurements of the specific surface area, 21 MMT contains ∼1site/nm The synthesis and ion exchange of BMP, an ATRP initiator, with MMT is a simple two-step synthesis that was previously described elsewhere. 5, 22 It may be summarized as the addition of 2-bromoisobutyryl bromide to 11-bromo-1-undecanol and the subsequent addition of trimethyl amine to produce a cationic alkyl chain with a terminal halide. The synthesis of an analogous inert compound, DMP, uses 2,2-dimethyl acetyl chloride in place of 2-bromoisobutyryl bromide. 2-Bromoisobutyryl bromide, ethyl-2-bromopropionate (EBP), and 2,2-dimethyl acetyl chloride were purchased from Aldrich Chemical and used as received. BMP and DMP can then be mixed into desired molar ratios and ion exchanged to produce specified active graft densities.
Atom Transfer Radical Polymerization of Styrene. Benzyl bromide (BBr), copper(II) bromide (Cu II Br 2 ), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA), and tert-butylacetyl chloride were purchased from Aldrich Chemical and used without further purification. Copper(I) bromide (Cu I Br) was purchased from Aldrich Chemical and purified with acetic acid. 23 Styrene was purchased from Fisher Scientific, purified over basic alumina, and degassed prior to use. The unconfined ATRP of PS from either BBr or ethyl-2-methyl-2-bromopropionate (EBP) followed the procedure described in numerous articles by Matyjaszewski et al. [1] [2] [3] SI-ATRP of PS from MMT was similar to the work of others, 5, 22 with the addition of ultrasonication to enhance MMT tactoid dispersion. Monomer, initiator, Cu I Br, Cu II Br 2 , and PMDETA were mixed under N 2 in a round-bottomed flask with molar ratios of 1000:1:1:0.06:1.06, respectively. All polymerizations were conducted at 100°C. Aliquots of PS brushes were cleaved from MMT over basic alumina for molecular weight analysis. Molecular weight distributions were determined by size exclusion chromatography (SEC).
Results
To control the polymer graft density systematically, a series of MMT compounds was prepared via complete ion exchange with mixtures consisting of a mole fraction, σ, of BMP (ATRPactive) and (1 -σ) DMP (dormant) surfactants, depicted schematically in Figure 1 . Figure 2 demonstrates that this process occurs in a two-stage addition (the first after 48 h and the second by 96 h) and that longer mixing times do not further enhance XRD d spacing. Figure 3 displays all XRD d spacings and corresponding TGA data, which show that the fraction of volatiles reaches a maximum after 96 h of ion exchange. 24 Given the chemical similarity of BMP and DMP, we assert that the composition of the surface-bound ligands is essentially identical to that in the bulk medium, and thus the graft density of active initiators MMT-PS materials may be estimated to be F g ) σF g,max . The maximal graft density, F g,max , is ∼1 nm -2 , as calculated from the estimated specific surface area of MMT, 600 m 2 /g, 21 and ion exchange capacity of 0.92 mequiv/g. ATRP bulk reactions were conducted using unbound EBP or BBr as the initiator using molar ratios of monomer, initiator, Cu I Br, Cu II Br 2 , and PMDETA equal to 1000:1:1:0.06:1.06. In reactions where molecular weights in excess of 100 kDa were expected, monomer-to-initiator molar ratios were increased to 1500:1 to maintain low polydispersity. Significant improvement in reproducibility was realized by premixing Cu A series of control experiments from unbound initiators employed either BBr or EBP as the initiator system. BBr was chosen for its chemical similarity to the monomer, whereas EBP was chosen to provide a closer comparison to the surfacetethered initiator species (BMP). Included in the control experiments was a series of unbound initiator syntheses in the presence of pristine MMT; no discernible effect was measured via SEC as a result of the unfunctionalized MMT additive. The SEC results obtained for BBr and EBP were comparable in all experiments, although EBP exhibited a modest improvement in overall PDI. The decrease in PDI can be attributed to the faster initiation of the EBP species, resulting in a more uniform initiation of polymer chains. A representative sample of bulk and confined SEC results are shown in Table 1 .
To assess the initiator efficiency of the MMT-initiated polymerizations, we compared the monomer conversion as measured by total yield with the theoretical conversion calculated from M n assuming 100% initiator activity. From these data, we conclude that we reproducibly achieve at least 95% initiator efficiency in all systems. Figure 4 compares the rates of polymerization for bulk PS and MMT-PS with three different graft densities, with the MMT samples listed in order of the mole percent active initiator (BMP). Immediately evident from inspection of Figure 4 is that R p for PS grafted from 100%-MMT is nearly an order of magnitude greater than unbound PS produced under analogous conditions. The SI-ATRPs of styrene from 33%-MMT and 67%-MMT are also accelerated relative to bulk kinetics but lie between bulk and 100%-MMT values, respectively. Clearly, MMT graft density has a profound influence on the apparent propagation rate. The nonzero intercepts of the kinetic data appearing in Figure 4 are also noteworthy and likely indicate a short induction period during which uncontrolled polymerization proceeded prior to the development of the persistent radical effect.
All polymerizations exhibited living character with linear monomer consumption versus time for all graft densities ( Figure  5 ). Successful reinitiation of MMT-PS brushes gave further evidence of termination reactions being effectively suppressed. To avoid clay aggregation, sufficient solvent needed to be present in the system to disperse MMT platelets. Therefore, in our system where monomer was used in excess as a solvent, we maintained a constant reaction volume by preparing molar ratios of monomer to combined active and inactive initiator concentrations. The resulting monomer to active initiator molar ratios were bulk 1000:1, 100%-MMT 1000:1, 67%-MMT 1500: 1, and 33%-MMT 3000:1. Figure 6 clearly illustrates the expected differences in M n versus conversion, and results agree with theoretical conversion limits for all graft densities. Figure  6 also presents the PDIs for all graft densities, demonstrating good molecular weight control up to 80% conversion; a loss of PDI control of ATRP reactions at high conversions is well documented in the literature.
To assess the potential influence of the MMT particle itself on the polymerization kinetics, we conducted experiments using a mixture of tethered 100%-MMT initiator and free EBP. A representative SEC trace appears in Figure 7 , which shows the results from a polymerization using a 10:1 molar ratio of 100%- MMT/EBP at 100°C for 6 h. The distribution is bimodal and was deconvolved via least-squares regression to a bimodal Schulz-Zimm distribution yielding M n,MMT ) 80.8 kDa and M n,EBP ) 39.9 kDa. The mass fraction of the MMT distribution in the SEC sample is evidently ∼23%, which reflects the repartitioning of the free versus tethered chains during the removal of grafted chains in the sample preparation.
To assess the degree of exfoliation of the MMT-PS materials, representative samples were sectioned using a diamond knife at cryogenic temperatures (-100°C) with a Leica UCT ultramicratome. Light diffraction indicated an average section thickness of ∼100 nm. Polymer sections were transferred to copper grids and exposed to RuO 4 vapor. MMT makes an excellent barrier to RuO 4 deposition, resulting in strong contrast of MMT sheets. As can be seen in Figure 8 , discrete MMT platelets are easily visible and display complete exfoliation.
Discussion
In conventional uncontrolled free radical polymerization, autoacceleration is frequently observed at high molecular weight because of viscosity effects, that is, the Trommsdorff effect. The Trommsdorff effect attributes faster kinetics at high conversion because of the elevated viscosity, which disproportionately hinders termination reactions by limiting the mobility of large molecules, favoring propagation. Here we believe that kinetic enhancement occurs not because of a reduction in termination reactions, which are already strongly suppressed in ATRP, but rather because of local concentration heterogeneities that shift the equilibrium, governing how frequently a chain is in its active state. The essence of our argument lies in the fact that all of the active sites (chain ends) in this surface-initiated system are constrained to reside in a volume that is significantly smaller than the macroscopic reaction volume. The consequences of this, directly related to the graft density, are twofold: (1) The local viscosity in the vicinity of reactive front will be significantly elevated compared with the macroscopic average. (2) The rms separation between active sites will be dramatically lower than that in a corresponding homogeneous ATRP. We assert that the result of these considerations is that within the growing viscous front, there is a repartitioning of the activating and deactivating catalyst species that directly leads to an elevation of the probability that any given chain end will be in its active state.
ATRP suppresses termination reactions via the so-called "persistent radical effect", an equilibrium between dormant polymer chains and propagating free radicals, where the dormant state is typically favored by many orders of magnitude depending on ligand quality It is useful at this point to consider a kinetic model in terms of how fast, on average, a single chain is growing. This is simply the total polymerization rate times the monomer molecular mass, M 0 , divided by the total number of chains in the system per volume, which can be approximated to be [PX] . Equation 3 defines the rate of polymerization of each chain in terms of the rate constant of propagation k p , monomer concentration [M] , and the probability that any chain is in its active state [P · ]/[PX] PX + Cu I X y \ z
In a truly pseudo-first-order system, such as anionic polymerization or even uncontrolled free radical polymerization, the local concentration of active centers would assume a constant value throughout the system, irrespective of any local concentration inhomogeneities. The activation probability [P · ]/[PX] in ATRP is governed by the activation-deactivation equilibrium and may be expressed as where K is the equilibrium constant between active and dormant chains and has previously been reported for styrene, using 4,4′-di-(5-nonyl)-2,2′-bipyridine as a ligand, to favor the dormant state by seven orders of magnitude. 25 This model for SI-ATRP equilibrium was similarly derived by Xiao and Wirth when studying SI-ATRP of acrylamide from silica. 9 In a bulk ATRP, the equilibrium value of [Cu I X]/[Cu II X 2 ] is homogeneous throughout the system, and thus the pseudo-first-order character of the polymerization is preserved.
In the present system, however, all of the chain ends are confined within a "viscous front" of small but finite thickness, separated from the bulk media by a region enriched in polymer chains. The local density of initiation sites is zero except within this "growing viscous front", depicted schematically in Figure 9 .
Within the "viscous front", the local concentration must be related to the mean interparticle spacing, which is a function of initiator density and scales as (σF g,max )
-1 / 2 . The average volume that may be assigned to each initiation site must then scale as (σF g,max )
-3 / 2 , and accordingly the local chain end concentration scales as (σF g,max )
3 / 2 .The diffusion of activating and deactivating catalyst through the viscous front will be suppressed because of its enrichment with viscous polymer. Now consider an isolated propagating chain within this region: any encounter with a Cu II X 2 complex that results in a deactivation reaction will deplete the local environment of a single Cu II X 2 while enriching it with Cu I X (Figure 9a ). The action of diffusion will work rapidly to restore this local disruption to a homogeneous state. However, over sufficiently small time and length scales, there will be a finite elevation of Cu I X balanced by the depletion of Cu II X 2 . Concretely, at some position, r, and time, t, from its formation, the probability of finding an "extra" Cu I X scales as t -3 / 2 e -r 2 /t . In a similar vein, the dynamics of replenishment of Cu II X 2 will be governed by its diffusion from the bulk media. For the activation/deactivation kinetics to be influenced, there must be other chain ends present at small enough values of |r| for this probability to be nonvanishing. In Figure 9 , the position dependence of the probability with |r| is illustrated with a color gradient centered around the activated chain end. Therefore, in a homogeneous ATRP, where the distance between chain ends is large, such mass transport effects are negligible. In the confined ATRP experiments considered in this study, however, this distance is on the order of nanometers, and the effect is evidently substantial.
Conversely, the activation of a dormant chain would locally enrich the environment with Cu II X 2 while depleting Cu I X (Figure 9b ). Because at equilibrium, the rate of activation and deactivation must balance, it is important to consider why these enrichment/depletion events do not cancel each other. The probability of finding the Cu II X 2 formed in an activation event again scales as t -3 / 2 e -r 2 /t , and thus it should encounter other chain ends in the local vicinity. However, because these other chain ends are likely to be dormant, this local excess of Cu II X 2 should have no effect. Additionally, the replenishment of the locally depleted Cu I X will be a significantly faster process because of its higher bulk concentration relative to Cu II X 2 . Moreover, the diffusivity of Cu I X should be greater than that of Cu II X 2 owing to its comparatively smaller size. Therefore, collectively, the surface-initiated system experiences a net local elevation in [Cu Similar arguments suggest that the local monomer concentration in the "viscous front" may be depleted in the neighborhood of an active chain, owing to the reduced monomer diffusivity and elevated local viscosity. This depletion should again scale with the local chain concentration and, in principle, should oppose the acceleration due to the shift in the local catalyst concentration. In our experiments, however, we do not observe monomer exclusion effects because the monomer plays a dual role as solvent. Therefore, any depletion event induces a strong concentration gradient such that the time scale for monomer diffusion to the active site is still much shorter than that of the propagation reaction. Accordingly, we suspect that local monomer depletion effects may become observable in dilute monomer/solvent systems.
In consideration of these enrichment/depletion arguments, we may construct a simple phenomenological model that encapsulates the effects of this coupled network of mass transport and reaction events. In the "viscous front", chain ends locally experience net catalyst concentrations of [Cu 3 / 2 , and will be influenced by a host of factors including the activation/deactivation rate constants and the local diffusivity. We introduce a dimensionless lumped "effectiveness" Figure 9 . Schematic of the surface-initiated ATRP of polymer from MMT with the dark-gray box portraying the "growing viscous front" of small but finite thickness. Legend: Halide terminated chains (2), nonfunctional initiators (×), and an active chain (*). In this region, there is a locally elevated concentration of chain ends, which observe local concentration heterogeneities resulting from the conversion of (a) Cu II ()) 
parameter, λ, that incorporates these considerations such that δ ) λ(σF g,max ) 3 / 2 . Accordingly, the acceleration of dM n /dt relative to an ATRP from free initiators may be expressed as Free initiator kinetics are recovered as σ f 0. As shown in Figure 10 , this single-parameter model reproduces our kinetic data with λ ) 0.864.
Our results support the plausibility of this simple enrichment/ delpletion model and demonstrate that the kinetics of surfaceinitiated ATRP under certain conditions, that is, in the strong brush regime, depart significantly from an analogous ATRP from free initiators. These considerations become important in the context of molecular design. Moreover, caution should be exercised in experiments in which both tethered and free initiators are employed, because inferences of the molecular weight distribution of the brush layer derived from that of the free polymer may be flawed.
Summary
The kinetics of polystyrene brush polymerization from MMT clay by SI-ATRP was investigated as a function of graft density and compared with bulk ATRP of styrene under analogous conditions. A seven-fold increase in PS growth rate was observed, relative to bulk kinetics, at the highest graft density, ∼1 chain/nm 2 . Bulk kinetics were rapidly recovered as the graft density was reduced. We hypothesized that local concentration heterogeneities shift the ATRP equilibrium in favor of the active state and developed a single-parameter kinetic model based on this hypothesis that was able to account for our kinetic data. These findings present an important consideration relevant to the design of precisely defined molecular architectures from surfaces using surface-initiated ATRP.
